The cerebral circulation via the vertebral arteries has received much less attention than the circulation via the carotids: because the latter are so much more easily accessible before and after death, they have received a disproportionate amount of attention.
(3) Internal Carotid Stenosis (Atheromatous).-Dr. COLIN EDWARDS. (1) High Cervical and Lumbar Syringomyelia. Arterial Blood Flow Patterns The cerebral circulation via the vertebral arteries has received much less attention than the circulation via the carotids: because the latter are so much more easily accessible before and after death, they have received a disproportionate amount of attention.
Nearly ten years ago, we (McDonald and Potter, 1951) were attracted to the vertebralbasilar system which in the rabbit-the experimental animal that we used-is similar to but relatively more pronounced than that of man. But we were soon distracted from the cerebral circulation itself by the discovery that the blood flow in the basilar artery was laminar or streamline in type; rather than a truly turbulent (or hydraulic) flow in which the components of a fluid follow random pathways and which is wasteful of energy. That streamline flow occurs in veins has been known for many years, but the ready opportunity for observing whether or not it is present also in an artery does not arise until one is able to see two arteries joining to form another, and this is the unique feature of the usual type of vertebral-basilar junction. Moreover, in the rabbit, these arteries are sufficiently translucent to see what goes on within them.
Thomas Willis (1684) , in referring to the anatomy of the brain, said that "in other parts where matters appear to the senses we do not so easily fall upon errors", and he thus indicated the general truth that knowledge comes more slowly concerning structures which are well shielded from the cursory investigator. The careful and time-consuming studies of Hutchinson and Yates (1956) have emphasized that we may indeed "fall upon errors" if we consider the cerebral circulation only in terms of the carotid arteries and their patency.
Since Willis's day, the anatomical approach has been a popular one in deducing cerebral circulatory function; but, as in other spheres, it is in itself inadequate, and this is particularly so in the study of arterial anastomoses. An anastomotic artery, it is ordinarily assumed, will have blood passing through it in one direction or the other. But sometimes blood will enter it from either end-and what happens then? We borrowed a term used by Kramer (1912) , the "dead point", to describe the interface between the two such opposing columns of blood. I think now that this is an ill-chosen term, for it has a dead, anatomical inadequacy, and misses the essentially dynamic activity that is present at such a point.
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[A cine-film: "Blood Streams in the Basilar Artery" was then shown by the author.] Such evidence as I have suggests that the basic pattern of blood-flow in the rabbit is present also in man, but that in man it is probably modified by the more erratic formation of the vertebral-basilar junction. In the rabbit, the limbs of the Y-shaped junction usually lie symmetrically all in one plane, and I do not recall ever having seen (in some 60 rabbits) a basilar artery that was at all tortuous. These anatomical differences in man should not in themselves produce true turbulence of the bloodstream, but they might affect the course of the individual streams and allow perhaps spiral streams which would give in an arteriogram the appearance of filling the lumen of the basilar artery.
I have examined vertebral arteriograms of 74 patients with an eye for these points. In the first place, some of those films which were relative failures as arteriograms were of considerable interest in other ways. In nearly a quarter of all the arteriograms there was distinct evidence of streamline flow in the basilar artery, and in a third of these it was seen in the lateral view. Now, if it is seen in this proportion, it is likely to be the normal state of affairs, for the streams are easily upset, whereas it would be impossible, I think, to create them by injection into an already turbulent bloodstream. Furthermore, the theoretical approach suggests that the threshold for turbulent flow is unlikely to be reached in this artery except perhaps at the peak of systole in a large artery, or when there is a high pulse rate. McDonald (Hale et al., 1955) has, in recent years, been concerned with the complexities that are introduced into this subject by the pulsatile nature of the blood flow, and he has kindly checked on this matter. I have supplied him with measurements taken from the arteriograms, which show a mean internal diameter for the basilar artery of 3*0 mm. with a rare maximum of 5-0 mm. and a minimum value of 17 mm.
Velocities of flow have to be guessed for man ...........by analogy with animals in which they are W known. A high velocity makes for instability of the streams, but it is of interest that one of the best arteriograms showing streamline flow (Fig. 1 ) is seen in a case of an arteriovenous malformation where the velocity of flow might be expected to be abnormally high and in which the basilar artery is rather a large one-4*2 mm. in its maximum internal diameter. Sometimes a ghostlike appearance of an artery is seen with sharp contrast medium only where it is clinging to the walls. Flow is slowest x = g there, and the most peripheral laminae get left behind after the more axial streams have passed Finally, the contrast medium may represent only a portion of the lumen of the artery; that is, only one set of streams is shown. This was striking in one arteriogram, where an apparent difference of one millimetre in the diameter of the basilar artery was seen between that in one FIG. I. Rt. vertebral arteriogram, show-film which showed only some of the streams, ing streamline flow in a large basilar artery. and that in another where the lumen was fully filled with contrast medium. When the clinical effects of occlusions of the proximal portion of the vertebral artery are considered it is necessary to define the words "proximal portion"-it refers to that part of the artery within the vertebral arterial canal and the part arising from the subclavian arteries. Stenosis or occlusions of this part of the artery play a much larger part in cerebrovascular disease than the relatively rare examples of occlusions of the intradural portion of the vertebral artery. In the 35 patients who died as a direct result of a "cerebral thrombosis" it was later shown that stenosis or occlusion of the cervical portion of the vertebral artery played a part in the final infarction of brain tissue in just over one-third of the patients. In contrast, occlusion of the hind-brain arteries within the skull was present in only 3 patients.
Analysis shows that the vertebral artery, when affected by atheroma in the neck, plays a part in the clinical picture in one of three ways. Firstly, acting alone, stenosis of the cervical portion may cause infarction of the hind-brain; secondly, combined with disease of the carotid artery it may produce a characteristic pattern of infarction of the hind-braincharacteristic in that it affects both the cerebral hemispheres and the cerebellum; thirdly, disease of the vertebral artery may be an important factor in the syndrome of carotid artery occlusion.
The 2 patients with hind-brain infarction due to stenosis of the vertebral artery have been previously described (Hutchinson, E. C., and Yates, P. 0. 1957, Lancet, i, 2) but it should be noted in this context that the 3 patients with occlusions of individual intracraniail hind-brain arteries also showed extensive disease of the vertebral artery in the neck. It may well be that further studies will define a syndrome in the hind-brain, associated with vertebral artery disease, comparable to that seen in the fore-brain with internal carotid thrombosis.
When the cervical portions of the vertebra and carotid arteries are both affected by atheroma the clinical effects are seen in one of two situations. The first occurs as a result of a fall in the systemic blood pressure from various causes. We have seen it in operative shock, Stokes-Adams attacks and carbon monoxide poisoning. Following the episode of hypotension there suddenly develop the signs of an intracranial lesion. The clinical picture is not remarkable, the patient usually being unconscious with a hemiparesis, but the pattern of infarction of the brain is distinctive since both the cerebrum and cerebellum are affected simultaneously. The infarction of the cerebellum, at least, must be attributable to disease of the vertebral artery. The second effect, and this is probably the most important role of the vertebral artery in cerebro-vascular disease, is seen in the syndrome of occlusion of the carotid artery.
One of the most puzzling features of this syndrome has been the mechanisms underlying the recurring episodes of motor and sensory disturbances so frequently seen.
In a series of 13 cases, with adequate clinical and pathological data, the clinical history followed one of two broad patterns. In 7 cases the history consisted of a single episode and this eposide was usually a hemiplegia. The mechanism of the hemiplegia as shown at post-mortem was either occlusion of the middle cerebral artery independent of the diseased carotid or extension of thrombus from the carotid to the middle cerebral artery. In each case the vertebral arteries, and often the other carotid, were free of disease. In contrast there were 6 patients who presented with what may now be called a "classical" history of internal carotid thrombosis. In each of these 6 cases not only were the carotid vessels stenosed or occluded but also the vertebral arteries in the neck were affected to a similar degree. Because of these observations we feel justified in regarding this particular presentation of carotid thrombosis as an expression of failure of the collateral circulation-an important factor in this failure being stenosis or occlusion of the vertebral artery.
Dr. P. O. Yates (Department of Pathology, University of Manchester):
Pathological Changes following Proximal Vertebral Arterial Stenosis This paper is based on the pathological findings in 100 patients who were selected for particular post-mortem study because they had shown clinical evidence of cerebral ischkmia.
Though I am concerned with the pathological changes following proximal vertebral arterial stenosis, I do not believe that any really valid conclusions can be reached concerning the effects of disease of the vertebral or of the carotid arteries on the brain without a full knowledge of the state of all 4 vessels throughout their course. In these 100 cases, therefore, the whole length of the carotid and vertebral arteries was examined both radiologically and by dissection. This was facilitated by injecting the vessels at post mortem with a radioopaque gelatin mass consisting of 15% silver iodide in 10% gelatin. The mixture was prepared by adding silver nitrate solution to solution of potassium iodide and gelatin in water. The cervical vertebra were removed entire, the bone decalcified and the arteries dissected (Fig. 1 ).
Significant atheromatous stenosis (narrowing of the lumen by half or more, or complete occlusion) was less common in the vertebral arteries (57 vessels) than in the carotid arteries (77 vessels). In 5 cases both an internal carotid and a vertebral artery were occluded, this being the same incidence in this series as bilateral carotid occlusion.
In the vertebral arteries the sites of stenosis or occlusion were slightly more scattered than in the carotids but, like the internal carotid, the lesion was most common within 2 or 3 cm. of the origin of the artery (36 vessels). In the next part, extending from the sixth to the second cervical vertebre, 17 vessels were affected; in the tortuous segment 8 arteries were stenosed or occluded; 4 vessels showed significant narrowing in the intracranial parts.
Thrombosis, which was found in 6 vertebral arteries (compared with 15 internal carotid arteries), was not significantly predominant at any point along the course of the vessels.
There was another type of lesion often responsible for narrowing of the lumen; this was the elevation of a plaque of atheroma by hmmorrhage into its depths (Fig. 2) . Some of these lesions were recent and probably in part responsible for the terminal illness; others were older. Such lesions have been suggested as the frequent cause of coronary arterial occlusion and myocardial infarction (Paterson, 1936) . Sudden htematomata of this kind might indeed be responsible for the more prolonged episodes of neurological disability which characterise the clinical picture of stenosis of the carotid and vertebral arteries. They do not occur sufficiently frequently to account for minor attacks lasting perhaps only a few minutes and recurring several times in the day.
There is another phenomenon which I think is important in its effects on the cervical parts of the vertebral arteries-cervical spondylosis. In this disease the bony outgrowths that occur around the intervertebral joints may cause an anterior and lateral shift of the vessel. When the vertebral artery is otherwise normal, this change of course may be of little significance. If, however, it is already narrowed by atheroma, then movement of the neck, by enhancing the distortion, may cause complete blockage of the artery. I will now consider the effects on the brain of stenosis of the vertebral arteries-at any rate those ischtemic effects that are indisputably obvious-cerebral infarcts. Out of the 100 cases only 35 showed actual infarction but in these 35 cases there were 74 distinct infarcts of which 16 were in the cerebellum, 4 in the brain stem and 5 in the territory of the posterior cerebral arteries. Of these 74 infarcts in the whole brain only 22 could be accounted for by occlusion or even stenosis of an appropriate local artery. This is even more striking when we consider the cerebellar infarcts since only one was of purely local origin, being an example of that relatively rare phenomenon, thrombosis of the posterior inferior cerebellar artery.
Most of the infarcts of cerebellum and brain stem resulted from failure of the hind-brain circulation either alone or, more commonly, as total cerebro-vascular failure resulting from carotico-vertebral stenosis (Hutchinson and Yates, 1957) . There were only 7 cases in which the vertebral arteries alone were narrowed, the internal carotids being normal, and in only 2 of these did infarction result directly from this fact. One of these cases was the man of 47 referred to in an earlier paper (Hutchinson and Yates, 1957) , who presented a final clinical picture not unlike thrombosis of the basilar artery. The remarkable thing about this case is that despite the many infarcts no local intracranial arteries were diseased and the carotids were normal. The cause of the five areas of infarction (bilateral and symmetrical in the occipital lobes, bilateral and symmetrical in the territory of the superior cerebellar artery and in the reticular tissue of the pons) was not discovered until the neck had been dissected. There was thrombosis of a large vertebral artery in its cervical portion, the other smaller artery being narrowed.
This symmetry in the pattern of infarction is, no doubt, a reflection of the unique arterial union which the vertebral arteries make to form the common basilar trunk. 8 of the cerebellar infarcts occurred as bilateral symmetrical lesions in 4 cases, either in the territory of the superior cerebellar arteries or at the junction of this territory with that of the posterior inferior cerebellar artery.
The phenomenon of infarction at the junctional zones is of some theoretical interest. These are the regions which are well supplied with anastomotic channels and are therefore well protected from the effects of occlusion of any one local cerebral artery. However, when proximal stenosis of vertebral or carotid arteries reduces the flow of blood to both sides of the junctional zones simultaneously, then infarction will be most likely to occur in these areas. Such infarcts are characteristic of carotico-vertebral stenosis. It must be remembered that stenosis of the artery on one side of what would normally be a junctional zone causes the zone to shift in the direction of the poor blood supply. Thus the meeting of vertebral and carotid streams which normally takes place in the temporo-parietal and occipito-parietal regions may be unbalanced if there is proximal vertebral stenosis; the junctional point may then be the posterior edge of the cerebellum, the superior cerebellar arteries having become the extremities of the carotid circulation. Such derangements of the normal pattern of cerebral blood flow must be borne in mind whenever an explanation is sought for focal cerebral ischemia and infarction.
Knowledge of the state of the proximal parts of the vertebral arteries throws considerable light on the etiology of some forms of cerebellar degeneration. In particular the circumscribed foci of atrophy of cerebellar folia described by Lichtenstein and Levinson (1946) under the term " parenchymatous cortical cerebellar panatrophy " are clearly the result of ischimia. Damage of this kind and even infarction of the cerebellum can occur when the local supplying artery is normal and patent, the diminution of blood supply being due to stenosis of the proximal or cervical part of the vertebral arteries.
There is another cerebellar lesion, the origin of which is in considerable doubt. Nevertheless, it seems to me that ischlemia due to proximal vertebral arterial occlusion has played at least some part in its production. The lesion is a selective degeneration of the granular layer of neurones from large areas of the cerebellar cortex. The remarkable feature of this degeneration is the complete preservation of the Purkinje cells and a layer of glial cells, forming a band between the pale granular layer and the mole cular layer. I have not been able to demonstrate any marked glial or inflammatory cell reaction to this change.
The condition was present in 12 of the whole series of 100 cases; in some it was patchy and it was then most severe in the depths of the sulci at the extremity of the arterial blood supply; in others it involved almost the whole cerebellum. Occasionally the lesion was confined within the territory supplied by a single cerebellar artery. In one case this feature was strikingly obvious, the lesion being bilateral and symmetrical in the superior cerebellar arterial territory (Fig. 3) .
I found that 8 of the 12 cases were diabetics and that this was about half the known diabetics in the whole series. However, several of the 8 were extremely mild diabetics and only 2 were in anything like diabetic coma before death. There were, moreover, 4 cases in which there had never been any evidence of diabetes. There was one factor that all 12 cases had in common and that was stenosis or occlusion of the vertebral arteries-indeed most had carotid and vertebral stenosis. 7 of the 12 had suffered infarction of the brain though this was not always of the cerebellum.
Selective granular degeneration has been reported before in adults. In 1943 Winkelman described 2 cases, the one an elderly diabetic the other a case of morphia poisoning with prolonged cyanosis. Bertrand and Godet-Guillain (1942) reported the lesion in 2 diabetics and 12 patients dying from carcinoma. However, in 1951 Brain et al. were unable to confirm this association with carcinoma and dismissed the lesion as being the result of post-mortem autolysis. The distribution and selective nature of the lesion makes this explanation unlikely.
In 1954 Hunter and Russell reported selective granular layer degeneration in a man of 37 who, 15 years previously, had shown cerebellar damage apparently the result of exposure to organic mercurial salts. This man had died of myocardial fibrosis secondary to coronary stenosis. There were also in this case severe atrophic changes of the calcarine cortex. I think that this pattern of lesions strongly suggests that failure of the hind-brain circulation might have been at any rate partly responsible for the changes; perhaps the mercurial salts acted by producing prolonged vertebral arterial vasospasm. In considering the etiology of any mysterious degeneration of cerebellum, brain stem or occipital lobes a vascular cause cannot be excluded until the state of the proximal or extra-cranial parts of the vertebral arteries is known.
